Abstract. It has been discussed ever since among the scientific communities, whether non-ionising radiation can alter or harm biological systems. While the mechanisms of underlying effects of ionising radiation are well understood and described here, there is less understanding in the effects caused by non-ionising radiation except for heating effects. Recent results have been interpreted, that numerical chromosome aberrations may be induced by exposure to RF radiation. Our own experiments employing the µTEM cell yield results similar to findings observed for aneugenic-inducing chemical agents which can cause spindle disturbances. For comparison purpose to the effects caused by those agents we used the well established human-hamster hybrid (A L ) cell line to evaluate the biological effects after exposure to RF radiation (835 MHz).
Ionising radiation
Ionising radiation (IR) can randomly cause damage to all cellular components and induces a variety of DNA lesions, like single strand breaks, double strand breaks or base damage. The deposition of energy from IR results in the formation of excited and ionized molecules. Traditionally, IR damage to DNA is ascribed to both direct and indirect effects. Direct effects result from the direct interaction of the IR with DNA. Indirect effects result from the interaction of DNA with reactive species formed by IR. The underlying chemistry of lesion formation is fairly well understood. The resulting biological effect on mammalian cells is influenced by the dose, dose-rate, and quality of the radiation. The reason is that the biological effectiveness depends on the spatial distribution of the energy imparted and the density of ionisations per unit path length of the ionising particles. The energy loss per unit Correspondence to: T. Schrader (thorsten.schrader@ptb.de) path length of such a charged particle, the so-called "linear energy transfer" (LET) is responsible for the determination of the relative biological effectiveness (RBE), which equals the ratio of the absorbed doses of two types of IR that produce the same biological effect. It is well documented that high-LET radiation induces energy-dependently higher RBE values for various biological endpoints than low-LET radiation. However, it has also been recognised during the last decades that, especially at low doses, low-LET radiations do not all have the same effectiveness. These findings are not surprising, because already the wide range of LET values covered by the photon and electron radiations is suggesting considerable RBE differences.
The most reliable and detailed data on the RBE of low-LET and high-LET radiations exist for a well quantifiable IR effect in human cells, i.e. the production of dicentric chromosomes in lymphocytes of peripheral blood samples irradiated in vitro. For example, such a radiation-induced dicentric chromosome in a peripheral blood cell is given in Fig. 1 . These structural chromosome alterations are the most thoroughly studied biological sentinel of radiation-induced cellular injury and are considered to be a reliable biological indicator of human radiation exposure. However, it should be taken into account that dicentric chromosomes are not radiation-specific, i.e. an exposure to ionizing radiation cannot necessarily be deduced from an elevated aberration rate. Nonetheless, they can be viewed as characteristic of radiation. The basis for a cytogenetic dose estimation are doseresponse curves (calibration curves) for IR-induced dicentric chromosomes. For this reason, whole blood is irradiated in vitro with different IR qualities at different doses. After culture of lymphocytes and preparation of chromosomes, the chromosome analysis is done by light microscopy. The induction of comparable yields of dicentric chromosomes in lymphocytes, irrespective of their exposure in the body or in vitro, is a main prerequisite for the suitable application of these calibration curves to estimate an individual's exposure.
Published by Copernicus Publications on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V. This has been proven for whole-body irradiation in animal experiments with different species and could be confirmed for therapeutic whole-body exposure of cancer patients with 60 Co γ -rays (Schmid, et al., 1974) .
In vitro dose-response curves for dicentric chromosomes, established with appropriate fitting procedures, are now available for most IR qualities relevant for radiation protection purposes. In particular, our group obtained extensive data sets for the induction of dicentric chromosomes in human lymphocytes by different IR qualities (Krumrey et al., 2004; Schmid et al., 2003) . In part, the low dose effectiveness (linear coefficients of linear-quadratic dose-response curves) of these data sets have been listed by the International Commission on Radiological Protection, ICRP (2003) , and the National Research Council, NRC, of USA (BEIR, 2006) . In contrast to our knowledge on the underlying mechanisms of IR-induced biological effects, the experimental data regarding biological effects of chronic exposure to nonionising radiation (NIR) at typical frequencies of GSM mobile phones (900 and 1800 MHz) are fragmentary and inconsistent in many respects. Since an understanding of the biophysical mechanisms for the observed biological effects should help to rationalise the data, some understanding of the underlying mechanisms is needed. In principle, there are two ways by which biological effects as a result of exposure to radiofrequency (RF) radiation can occur. These are by thermal (heating) effects or as a result of possible non-thermal effects. The energy quanta of the NIR quality at 900 and 1800 MHz equal 4 and 7 µeV, respectively (IEGMP, 2000) .
Both these values are extremely small compared with the energy of typically around 1 eV needed to break the weakest chemical bond in a DNA molecule. However, in contrast to this experience, the primary focus of a large number of in vivo and especially in vitro investigations during the last years was to evaluate the ability of RF radiation to induce DNA damage in rodents, cultured rodent and human cells as well as freshly collected human lymphocytes using DNA alterations, structural chromosome aberrations or micronuclei.
The results of these studies are conflicting, although there is a general tendency to believe that these biological effects are rather unlikely. An expert review panel (Moulder et al., 2005) concluded that the majority of the in vitro studies reporting a positive effect were flawed due to poor biological design and/or inadequate dosimetry. Therefore, it is essential to perform further investigations under well-defined experimental conditions and scoring criteria in order to resolve the controversy concerning the possible risks associated with RF radiation in the human body, especially at the cellular level. Recent results obtained in mammalian cells after exposure to RF radiation have been interpreted as the production of numerical chromosome aberrations (Mashevich et al., 2003; Tice et al., 2002) . Such a mechanism would be different to that induced by ionising radiation but could be similar to findings observed for aneugenic-inducing chemical agents which can cause spindle disturbances in cells resulting in numerical chromosome aberrations. Therefore, our aim was to evaluate the predicted aneugenic capacity of RF radiation as emitted from GSM mobile phones, applying a fast and useful test for detecting possible spindle disturbances in single cells which has been used in our laboratory during the last 30 years. Analysis of spindle disturbances were carried out in an established humanhamster hybrid (A L ) cell line after exposure to RF radiation (835 MHz). For the microwave exposure of the biological samples (A L cells with medium) a special setup of the PTB was used. This so called µTEM cell is demonstrated in Fig. 4 . The applied µTEM cell was developed and manufactured 1994 for the exposure of biological systems at the Insti- E. Schmid and T. Schrader: Different biological effectiveness of ionising and non-ionising radiations ability of the graphs and, therefore, is without mathematical meaning. The reason is that up to now no reasonable explanations are available which may help to elucidate the underlying mechanisms involved in RF radiation-induced spindle disturbances. In Fig. 6 , there is an anaphase stage of the mitotic cycle with spindle disturbances (lagging of two chromosomes) observed after exposure to RF radiation (continuouswave, 90 V/m, 0,5 h).
Conclusions
Due to our experiments there is scientific evidence which suggests that there may be biological effects occurring at exposures to RF radiation, but they are certainly different to those known from IR exposure. However, in contrast to our knowledge on the IR-induced DNA alterations, the result obtained for RF radiation does not necessarily mean that these effects, i.e. spindle disturbances, lead to disease or injury, but it is a potentially important information for evaluating the underlying mechanisms.
